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a b s t r a c t
Superoxide is widely regarded as the primary reactive oxygen species (ROS) which initiates downstream
oxidative stress. Increased oxidative stress contributes, in part, to many disease conditions such as cancer,
atherosclerosis, ischemia/reperfusion, diabetes, aging, and neurodegeneration. Manganese superoxide
dismutase (MnSOD) catalyzes the dismutation of superoxide into hydrogen peroxide which can then be
further detoxiﬁed by other antioxidant enzymes. MnSOD is critical in maintaining the normal function of
mitochondria, thus its inactivation is thought to lead to compromised mitochondria. Previously, our
laboratory observed increased mitochondrial biogenesis in a novel kidney-speciﬁc MnSOD knockout
mouse. The current study used transient siRNA mediated MnSOD knockdown of normal rat kidney (NRK)
cells as the in vitro model, and conﬁrmed functional mitochondrial biogenesis evidenced by increased
PGC1α expression, mitochondrial DNA copy numbers and integrity, electron transport chain protein
CORE II, mitochondrial mass, oxygen consumption rate, and overall ATP production. Further mechanistic
studies using mitoquinone (MitoQ), a mitochondria-targeted antioxidant and L-NAME, a nitric oxide
synthase (NOS) inhibitor demonstrated that peroxynitrite (at low micromolar levels) induced mitochon-
drial biogenesis. These ﬁndings provide the ﬁrst evidence that low levels of peroxynitrite can initiate a
protective signaling cascade involving mitochondrial biogenesis which may help to restore mitochondrial
function following transient MnSOD inactivation.
& 2014 The Authors. Published by Elsevier B.V. All rights reserved.
Introduction
Mitochondria generate ATP to fuel many thermodynamically
unfavorable processes within the cell by oxidative phosphoryla-
tion. However, during oxidative phosphorylation electrons can
escape the electron transport chain and incompletely reduce
(one electron) oxygen to superoxide. MnSOD, a major mitochon-
drial antioxidant, plays an important role in catalyzing the
dismutation of superoxide into oxygen and hydrogen peroxide.
Thus, mitochondria are considered a major source of endogenous
reactive oxygen species (ROS) [40]. This is evidenced by the
lethality of deletion of the MnSOD gene [23,24]. Previously, we
observed increased nitrotyrosine formation, mitophagy as well as
mitochondrial biogenesis markers in a kidney speciﬁc MnSOD
knockdown mouse model using Cre-Lox technology [34]. This
study suggested that MnSOD knockdown in vivo lead to perox-
ynitrite formation but also compensatory effects including mito-
chondrial biogenesis and autophagy which contributed to the lack
of renal dysfunction noted in these animals [33]. One purpose of
the current study was to further dissect the pathways altered
following MnSOD knockdown using an in vitro renal cell model.
Speciﬁcally, we wanted to examine the integrity of mtDNA and
electron transport chain (ETC) function following MnSOD knock-
down.
Multiple copies of mtDNA are present in each mitochondrion.
The rat mtDNA genome is composed of 16.3 kilobases of circular,
double-stranded DNA encoding for 2 ribosomal RNAs, 22 transfer
RNAs, and 13 ETC protein subunits. Striking structural similarity
exists in mtDNA across mammalian species, making it the natural
focus of studies in disease mechanisms yielding easily translatable
data [21]. Although mtDNA are packaged into protein–DNA com-
plexes called nucleoids, it remains in close proximity to the ETC
located in the inner mitochondrial membrane, which is also the
main source of endogenous ROS [17,18]. Additionally, mtDNA
utilize limited repair mechanisms compared to nuclear DNA
[1,9,30]; and thirdly, replication of cells with damaged mtDNA is
not inhibited by cell-cycle check point control mechanisms [8,11].
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These factors could potentially lead to accumulation of mutations
and the production of dysfunctional ETC proteins, which in turn
may produce more ROS which would continue the damaging cycle.
Superoxide is continuously generated by ETC and is regulated
during physiological conditions by MnSOD, which is thought to
control the balance between superoxide and hydrogen peroxide
levels [2,8,14,16]. In addition, superoxide has also been shown to
be a key ROS regulating autophagy, speciﬁcally mitophagy [7].
Mitochondrial mitophagy and biogenesis are tightly controlled
processes involving nuclear and mitochondrial “crosstalk”, and are
important regulators of mitochondrial number and health [41].
Mitochondrial biogenesis is a complex process that requires the
coordinated expression, assembly and transportation of over one
thousand proteins both encoded by the nuclear and mitochondrial
genomes [4]. An important regulator of mitochondrial biogenesis
is peroxisome proliferator-activated receptor c coactivation 1
(PGC1α). Originally discovered in brown fat cells, PGC1α is a
transcription coactivator that responds to various stimuli such as
cold, exercise, fasting, as well as oxidative stress [42]. PGC1α plays
a crucial role in this process by co-activating the expression and
activities of nuclear respiratory factor 1 and 2 (Nrf1, Nrf2), which
encode proteins that function as transcription factors activating
the expression of key metabolic genes regulating cellular growth
and nuclear genes required for respiration, mitochondrial DNA
transcription and replication; it also regulates mtDNA transcrip-
tion via increased expression of mitochondrial transcription factor
A (Tfam) [43]. In addition to the putative master regulator of
mitochondrial biogenesis, PGC1α has also been identiﬁed as the
key player in regulating the expression of ROS-detoxifying enzymes
through SIRT 3 [22].
The current study demonstrated that knockdown of MnSOD
in vitro leads to ROS generation as well as induction of functional
mitochondrial biogenesis. In addition, we show for the ﬁrst time
that submicromolar peroxynitrite is capable of stimulating mito-
chondrial biogenesis.
Materials and methods
MnSOD knockdown in vitro
Normal rat kidney (NRK, ATCC CRL 6509) cells were maintained
in a humidiﬁed incubator with 5% CO2, 95% air at 37 1C in DMEM
containing 5% fetal calf serum, and grown to 70% conﬂuency.
MnSOD siRNA (siGENOME siRNA SMARTpool, Dharmacon) was
used to knockdown MnSOD in the cells. A nonsense siRNA
(siGENOME NON-TARGETing siRNA #2, Dharmacon) was used as
a negative control. Brieﬂy, the siRNA was diluted (5–25 nM ﬁnal
concentration) in OptiMem and incubated (25 min, 25 1C) with
lipofectamine (Invitrogen) prior to adding to cells containing
DMEM only. Cells were incubated with the siRNA solution for
6 h and then placed back in normal media. Successful knockdown
of MnSOD was conﬁrmed by measuring MnSOD expression and
activity compared to cells treated with nonsense siRNA. The percen-
tage of transfection efﬁciency was 98% using BLOCK-iT ﬂuorescent
Oligo uptake at 24 h post transfection (data not shown).
mtDNA PCR
Ampliﬁcation of a long genomic target, referred to as Long
Range (LR) within mtDNA, was used to assess mtDNA integrity.
A primer set designed to target a 14.3 kb mitochondria fragment
was used (50-ATA TTT ATC ACT GCT GAG TCC CGT GG-30 Sense;
50-AAT TTC GGT TGG GGT GAC CTC GGA G-30 Antisense) [6]. To
assess mtDNA content (or copy number), rat NADH dehydrogenase
subunit 4 (ND4) (50-ATT ATT ATT ACC CGA TGA GGG AAC C-30
Sense; 50-ATT AAG ATG AGG GCA ATT AGC AGT-30 Antisense) and
D-LOOP (50-AAT CTA CCA TCC TCC GTG AAA CC-30 Sense; 50-GCC
CGG AGC GAG AAG AG-30 Antisense) were used because they
target signiﬁcantly smaller fragments of the mtDNA genome. The
β-actin gene (50-TGA AGG TCG GTG TGA ACG GAT TTG GC Sense;
50-CAT GTA GGC CAT GAG GTC CAC CAC Antisense) [15] was used
as the nDNA control for both LR and short fragment PCR. The LR
PCR reaction conditions were as follows: 94 1C for 2 min, then 10
cycles of 92 1C for 15 s and 62 1C for 30 s, and 68 1C for 11 min,
followed by 30 cycles of 92 1C for 15 s and 62 1C for 30 s, and 68 1C
for 12 min with 10 s increment per cycle, and ﬁnal extension at
68 1C for 7 min. The short fragment PCR reaction conditions were
as follows: 94 1C for 1 min, then 35 cycles of 94 1C for 15 s and
64 1C for 30 s, and 72 1C for 30 s, and ﬁnal extension at 72 1C for
10 min.
Mitochondrial function
Cellular bioenergetics using extracellular ﬂux analysis (Seahorse)
Approximately 7.5k NRK cells were used to seed Seahorse XF96
cell culture microplates (Seahorse Bioscience, Billerica, MA, USA).
For respiratory analyses, cells were placed in microplates 24 h post
siRNA transfection, and 12 h prior to placing in the analyzer. The
cells were washed in buffered DMEM and then changed to assay
medium. Oxygen consumption rate (OCR) and extracellular acid-
iﬁcation rates (ECAR) measurements were made using a 2 min
mix, 4 min read cycling protocol as previously described [42]. The
parameters were determined by measuring OCR after the sequen-
tial injection of oligomycin (inhibitor of ATP synthase), carbonyl
cyanide p-(triﬂuoromethoxy)phenylhydrazone (FCCP; uncoupler
of mitochondrial inner membrane allowing maximum electron
ﬂux through the ETC), and antimycin A (inhibitor of complex III)
[13]. OCR values were normalized to cell number in each well.
ATP assay
Adenosine 50-triphosphate (ATP) Bioluminescent Assay Kit
(Sigma-aldridge FL-AA) was used in this project following the
manufacturer's protocol [31]. Measurements were made on a TD
20/20 luminometer (Turner Designs, Sunnyvale, CA, USA). Quanti-
ﬁcation of ATP was made by interpolation from an ATP standard
curve.
MitoTracker green FM
MitoTracker Green FM (Invitrogen M7514) was used to label
mitochondria in live cells per manufacturer's protocol (MP07510,
revised 25-June-2008). Brieﬂy, cells were incubated with Mito-
Tracker Green (0.1 mM for 30 min), and ﬂuorescence was visualized
using a Nikon Eclipse E800 microscope with a ﬂuorescein ﬁlter
using a water immersion objective (60 ). All images were
captured with equal exposure times. Fluorescent images were
quantiﬁed for each sample by averaging the mean intensity
ﬂuorescence of 5 random cells in three different ﬁelds using Nikon
Nis Elements software.
Mitochondrial superoxide production
MitoSOX red (Molecular Probes, Eugene, OR) was used to detect
mitochondrial superoxide production in the control and treated
cells as previously described [29]. This modiﬁed cationic dihy-
droethidium dye is localized to the mitochondria where it is
oxidized by superoxide to generate a bright red ﬂuorescence
[37]. Brieﬂy, cells were preloaded in the dark with MitoSOX
red (5 mM for 10 min), washed and then treated as described.
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Fluorescence was visualized using a Nikon Eclipse E800 micro-
scope with a rhodamine ﬁlter using a water immersion objective
(60 ). All images were captured with equal exposure times.
Fluorescent images were quantiﬁed for each sample by averaging
the mean intensity ﬂuorescence of 5 random cells in three
different ﬁelds using Nikon Nis Elements software.
Immunocytochemistry
NRK cells were ﬁxed for 10 min with 4% formalin, washed, and
permeabilized with PBS containing 0.1% Triton X-100 and sodium
citrate for 3 min on ice [29]. Cells were then blocked with 3% pre-
cleared bovine serum albumin in PBS for 45 min, followed by
overnight incubation at 4 1C with rabbit anti nitrotyrosine (1: 250)
or rabbit anti MnSOD (1:500) (both from EMDMillipore, Billerica, MA).
Next cells were washed and incubated with the goat anti-rabbit IgG
Alexa-594 antibody (1:1000; Invitrogen, USA) for 30 min in the dark
at room temperature. Cells were rinsed with PBS-Tween (0.1%), and
nuclear counterstaining was initiated using DAPI (1:100; Invitrogen,
USA) for 10 min at RT. Subsequently, cells were washed and cover-
slipped with ProLong Gold Anti-fade Reagent with DAPI (Invitrogen,
USA). Nitrotyrosine staining was evaluated with a Nikon Eclipse
800 microscope (40X Oil). In separate experiments, cells were treated
(immediately after siRNA transfection) with the following oxidant
scavengers to evaluate their contribution on biogenesis induction:
a non-selective nitric oxide synthase (NOS) inhibitor L-NG-
Nitroarginine Methyl Ester (L-NAME, 50 mM; Cayman, USA) to inhibit
nitric oxide production and mitoquinone (MitoQ) (100 nM) to sca-
venge mitochondrial superoxide. MitoQ was kindly provided by
Professor Robin Smith (University of Otago, Dunedin, New Zealand)
and Dr. Michael P. Murphy (Medical Research Council Mitochondrial
Biology Unit, Cambridge, United Kingdom).
Peroxynitrite
Peroxynitrite was purchased from Cayman, USA, and the stock
solution concentration was determined by absorbance at 302 nm
in NaOH (ε302 nm¼1670 M1 cm1) [3]. Control cells were treated
with decomposed peroxynitrite.
Western blot analysis
MnSOD, CORE II, and PGC1α protein expression were analyzed
by western blot using a rabbit anti PGC1α (1:1000), mouse anti
CORE II (1:1000) (both from Abcam, Cambridge, MA); rabbit anti
MnSOD (1:1000) and mouse anti β-actin (1:1000) (Sigma Aldridge,
St. Louis, MO) served as a loading control. The intensity of western
blot signals was quantiﬁed by densitometry using Image analysis
software (Alpha Innotech, USA), normalized to, and expressed as
ratios to the loading control β-actin.
MnSOD activity
Enzymatic activity of MnSOD was determined in renal cell
extracts by the cytochrome c reduction method in the presence of
1 mM KCN to inhibit CuZnSOD activity, as previously described
[28].
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Fig. 1. Transient MnSOD knockdown in NRK cells. (A). MnSOD western blot after transfection (48 h) with 0–25 nM MnSOD siRNA. β-Actin was used as a loading control.
(B) MnSOD western blot showing time course after transfection with 25 nMMnSOD siRNA. Graphs represent values after densitometric quantiﬁcation of western blot results.
(C) Representative MnSOD immunocytochemistry image showing decreased MnSOD expression after knockdown (KD) (25 nM siRNA; 48 h). Red stains for MnSOD, and blue
DAPI stains for nuclei. (D) MnSOD activity decreased at 24 h following MnSOD KD, further decreased at 48 h and recovered to control level at 72 h. Control cells were treated
with 25 nM nonsense siRNA. All data shown are mean7SEM (n¼7). *po0.05 compared to control cells; #po0.05 compared to 24hr treated cells.
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Statistical analysis
Results are presented as means7standard error of the mean
(SEM). Means were obtained from at least three independent
experiments. One-way analysis of variance was used to compare
the mean values among the control and treated groups, followed
by Tukey's test to compare differences in mean between two
groups at 95% level of conﬁdence using the Prism statistical
software. Differences with a p value less than 0.05 were consid-
ered statistically signiﬁcant.
Results and discussion
Conﬁrmation of MnSOD knockdown
MnSOD knockdown was achieved by siRNA transfection using
Dharmacon Smartpool technology. Dose response experiments
using different MnSOD siRNA concentrations (5, 10, and 25 nM)
were performed. MnSOD protein expression was signiﬁcantly
reduced using the 25 nM concentration at 48 h post transfection
(Fig. 1A). Therefore, the 25 nM MnSOD siRNA concentration was
used in all subsequent experiments. Next, it was important to
establish the kinetics of the MnSOD knockdown, thus a time
course (24–72 h) experiment was performed following transfec-
tion with siRNA. MnSOD expression was reduced signiﬁcantly after
24 and 48 h of transfection; however, protein levels returned to
control levels after 72 h indicating the transient nature of this
transfection (Fig. 1B). MnSOD immunocytochemistry was also
used to verify decreased MnSOD expression after 48 h transfec-
tion. Fig. 1C shows a representative image of the decreased MnSOD
expression (red staining) siRNA treated cells when compared to
control cells. Cell viability studies were also performed following
MnSOD knockdown (25 nM siRNA; 48 h post transfection) which
demonstrated no signiﬁcant increase in cell death (6% versus 7% in
control and treated cells, respectively). It was important to show
that the reduction of MnSOD protein expression also correlated
with reduced enzymatic activity. Fig. 1D shows signiﬁcant reduc-
tion in MnSOD activity at both the 24 and 48 h time point, but
returned to basal levels after 72 h post transfection, which
corresponded nicely with protein levels. Therefore, this model
represents a relatively modest (50%) reduction in MnSOD
activity that is transient in nature. In many disease states, such
as renal ischemia reperfusion or transplantation [10,26,27], we
also have observed 50% reduction in activity, but this inactiva-
tion occurs for a much longer time period (up to weeks), which
may result in different downstream effects. Thus, it is important to
note that the current in vitro model does not replicate the more
complicated scenarios present in disease models, but was impor-
tant to study based on a mechanistic perspective.
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Fig. 2. Superoxide and nitrotyrosine (NT) increase following MnSOD knockdown. (A) Representative images showing transient increase of MitoSOX Red (mitochondrial
superoxide) ﬂuorescence after siRNA transfection/knockdown (KD). (B) Representative nitrotyrosine immunocytochemistry image showing increased NT expression after
MnSOD knockdown. DAPI stains nuclei blue. (C) Graphs showing quantiﬁcation based on ﬂuorescent intensity, arbitrary units. All data shown are mean7SEM (n¼7).
*po0.05 compared to control cells.
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MnSOD knockdown Induces superoxide and peroxynitrite formation
Given that the primary role of MnSOD is to reduce superoxide
levels, it was expected that mitochondrial superoxide would
increase following MnSOD knockdown. Fig. 2A shows representa-
tive images of increased MitoSOX Red ﬂuorescence, and indicator
of mitochondrial superoxide, following knockdown of MnSOD.
Consistent with the earlier time course studies, superoxide was
signiﬁcantly increased at both 24 and 48 h post transfection, but
returned to baseline after 72 h. Superoxide reacts with nitric oxide
to form peroxynitrite [19] which leads to protein tyrosine nitra-
tion, a known oxidative stress marker. Nitrotyrosine was also
signiﬁcantly increased following MnSOD knockdown at both 24
and 48 h post transfection, but returned to baseline after 72 h
(Fig. 2B). The ﬂuorescence intensity for both Mitosox Red and
Nitrotyrosine was quantiﬁed by averaging the mean ﬂuorescence
intensity of ﬁve random cells in three different ﬁelds from seven
experiments using Nikon Nis Elements software (Fig. 2C). This was
consistent with the MnSOD expression pattern following siRNA
transfection (Fig. 1). The rationale for the return of oxidant levels
to baseline after 72 h was a bit perplexing, but as shown below we
postulate that this is likely due to immense mitochondrial repair
due to induction of biogenesis.
MnSOD knockdown increases mitochondrial function and mass
After optimizing and conﬁrming the effective MnSOD knock-
down, mitochondrial function was assessed in the NRK cell model
by ATP and cellular bioenergetics determination. Surprisingly, ATP
generation increased signiﬁcantly at 24 and 48 h post transfection,
and returned to control levels at 72 h (Fig. 3A). Basal oxygen
consumption rate (OCR) following MnSOD knockdownwas assessed
using Seahorse Bioscience XF96 Extracellular Flux Analyzer. The
difference between the basal OCR and FCCP induced maximal OCR is
referred as the reserve capacity which is deﬁned as the amount of
oxygen consumption that is available for cells to use in times of
increased ATP demand due to stress [42]. Signiﬁcant increases in
basal OCR as well as reserve capacity were observed in the MnSOD
knockdown cells at 48 h post transfection (Fig. 3B). These results
suggest that MnSOD knockdown leads to increased mitochondrial
respiration. Next, it was important to determine whether this
increased mitochondrial function might be due to increased mito-
chondrial mass, which was measured using MitoTRACKER Green
(MTG). Fig. 3C shows a representative MTG image, while panel D
shows the quantiﬁed intensity levels indicating that MnSOD knock-
down (48 h post transfection) resulted in increased mitochondrial
mass in NRK cells. MTG is fairly insensitive to ROS induced increased
ﬂuorescence [20,35]. Pendergrass et al. showed that hydrogen
peroxide (100 μM) treatment only slightly increased MTG ﬂuores-
cence in cultured cells, which was hypothesized to be related to
cellular toxicity and the relatively high concentration of hydrogen
peroxide used [35]. Thus, we believe that the increased MTG signals
in NRK cells were mainly due to the MnSOD knockdown and a
reﬂection of increased mitochondrial mass.
MnSOD knockdown increases mitochondrial biogenesis
One explaination for the increased mitochondrial respiration
and mass observed in Fig. 3 could be due to increased mitochon-
drial biogenesis. PGC1α expression is frequently used as a marker
of mitochondrial biogenesis [41]. Interestingly, PGC1α expression
increased following MnSOD knockdown at 24 and 48 h, but
returned to control levels after 72 h (Fig. 4A). Consistent with
increased mitochondrial mass, the respiratory complex III protein
CORE II, was also signiﬁcantly increased following 24 and 48 h of
transfection, but returned to control levels at 72 h. These changes
in protein expression of PGC1α and CORE II corresponded to the
decreased MnSOD expression without signiﬁcant changes in the
loading control β-actin. Long range (LR) PCR for mtDNA is often
used to measure mtDNA integrity, and mtDNA copy numbers are
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Fig. 3. Increased mitochondrial function following MnSOD knockdown. (A) ATP production increased signiﬁcantly at 24 h, peaked at 48 h, and returned to control levels at
72 h post MnSOD knockdown. (*po0.05 compared to control; #po0.05 compared to 24 h treated cells; n¼7). (B) Bioenergetics using Seahorse extracellular ﬂux analyzer
showing increased basal oxygen consumption rate (OCR) and reserve capacity following MnSOD KD (48 h post-transfection). (*po0.05 compared to control, n¼3)
(C) Representative image showing increased MitoTracker Green ﬂuorescence (indicating increased mitochondrial mass) after MnSOD KD (48 h). (D) Graph showing
quantiﬁcation based on ﬂuorescent intensity, arbitrary units. All data shown are mean7SEM (n¼7). *po0.05 compared to control cells.
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often used as a measure of mitochondrial biogenesis [38]. MtDNA
copy numbers were measured by amplifying smaller regions of
mtDNA (ND4 and D-Loop) compared to a nuclear encoded gene
such as β-actin. MnSOD knockdown resulted in increased mtDNA
integrity as well as mtDNA copy numbers at both 24 and 48 h post
transfection, and returned to baseline values after 72 h (Fig. 4B).
All of these results support the notion that MnSOD knockdown
leads to a transient induction of mitochondrial biogenesis in this
NRK cell model.
It is well appreciated that mitochondrial biogenesis works in
concert with mitochondrial autophagy (mitophagy) such that
damaged mitochondria are cleared by mitophagy and replaced
by biogenesis to maintain normal mitochondrial function. Since
mitochondrial superoxide has been identiﬁed as a crucial inducer
of autophagy [7], we would anticipate that mitophagy is likely also
induced in this NRK MnSOD knockdown model, but believe these
experiments are beyond the scope of this study.
Role of nitric oxide and superoxide in oxidant production following
MnSOD knockdown
Since both superoxide and peroxynitrite were increased
following knockdown, it was ﬁrst important to determine the
impact that nitric oxide synthase (NOS) inhibition had on super-
oxide and peroxynitrite/nitrotyrosine formation. Treatment of NRK
cells with a non-selective NOS inhibitor L-NAME (50 μM) pre-
vented nitrotyrosine formation at both 24 and 48 h post MnSOD
knockdown, and as expected did not alter superoxide levels (Fig. 5
hatched bars). MitoQ is a mitochondria targeted derivative of the
antioxidant ubiquinone, and has been shown to reduce superoxide
levels [39]. The precise mechanism of MitoQ has not been clearly
delineated; it is believed to involve the modulation of mitochon-
drial ROS formation in mitochondria [5]; although others have
suggested that MitoQ (at relatively high levels) leads to increased
superoxide due to redox cycling [12]. NRK cells treated with MitoQ
(0.1 μM) prevented the increase in mitochondrial superoxide or
nitrotryosine following MnSOD knockdown (Fig. 5 stripped bars),
suggesting under these conditions MitoQ was acting to decrease
superoxide generation.
Increased superoxide and nitric oxide are required for increased
biogenesis following MnSOD knockdown
Next, experiments were designed to test whether L-NAME
(50 μM) and MitoQ (0.1 μM) could prevent the effects MnSOD
knockdown (48 h) had on mitochondrial respiration and biogen-
esis. Mitochondrial bioenergetics was measured using Seahorse
extracellular ﬂux analyzer; Fig. 6A shows that both MitoQ and
L-NAME blocked the increase in OCR following MnSOD knockdown
without appreciable changes in ECAR (no increase in glycolysis),
whereas control cells treated with L-NAME and MitoQ alone had no
effect (data not shown). In addition, both L-NAME and MitoQ
treatment blocked the increase in mtDNA integrity (LR-PCR) and
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copy number (ND4) (Fig. 6B) as well as the biogenesis regulator
protein PGC1α and ETC protein CORE II (Fig. 6C) after MnSOD
knockdown. The reason for the lack of effect of L-NAME on PGC1α
induction at 24 h post transfection is likely due to the overall lower
level of PGC1α induction observed at this 24 h time point, when
compared to induction after 48 h. Nisoli et al. and others found that
nitric oxide regulates mitochondrial biogenesis through activation
of PGC1α, promoting mitochondrial biogenesis and increased
expression of mitochondrial proteins [25,32,36]. Our results,
although in agreement with the role of nitric oxide in the increased
mitochondrial biogenesis, further identify superoxide as an addi-
tional mediator of increased mitochondrial biogenesis following
MnSOD knockdown in NRK cells, which suggests that increased
peroxynitrite downstream to nitric oxide may also be involved.
Induction of mitochondrial biogenesis by low dose peroxynitrite
These data suggest that both superoxide and nitric oxide are
needed to induce mitochondrial biogenesis following MnSOD
knockdown in NRK cells. Therefore, new studies were designed
to determine what effect exogenous peroxynitrite had on mito-
chondrial biogenesis. NRK cells were treated with peroxynitrite
(0–50 mM; 10 min exposure then replaced with regular media) and
harvested after 24 h. NRK cells exposed to peroxynitrite (ONOO)
treatment with low doses (0.5 and 1 mM) increased mtDNA
integrity as well as mtDNA copy numbers (ND4 and D-Loop)
(Fig. 7). However, treatment with higher peroxynitrite doses (10
and 50 mM), lead to decreased LR PCR products as well as ND4 and
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D-Loop copy numbers compared to control cells, suggesting
increased mtDNA damage (Fig. 7). Likewise, lower doses (0.5 and
1 μM) peroxynitrite treatment increased PGC1α and CORE II
expression as well as ATP levels; however, these parameters were
signiﬁcantly reduced with higher peroxynitrite doses (10 and
50 mM) (Fig. 8). These data suggest that peroxynitrite has both
deleterious and beneﬁcial effects on mitochondrial biogenesis that
is dose dependent, thus in many regards this MnSOD knockdown
cell model is an example of “normal stress” versus that of “oxidative
stress”. As mentioned earlier, LR-PCR is based on the principle that
mtDNA lesions would block or slow down the progression of DNA
polymerase, which results in decreased ampliﬁed product [38].
Therefore, the reduced LR products observed following higher doses
of peroxynitrite indicate possible damage to mtDNA.
To our knowledge, this is the ﬁrst study that shows increased
mitochondrial biogenesis following disrupted redox balance caused
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ONOO for 10 min, washed, and harvested 24 h later. β-Actin was used as a nuclear encoded control in the PCR reactions. (B) Graphs represent values after densitometric
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by inactivation of MnSOD in vitro. The data presented in this paper
suggest that increased mitochondrial superoxide, leading to rela-
tively low levels of peroxynitrite, play critical roles in the induction
of mitochondrial biogenesis. These ﬁndings clearly show a dual role
of peroxynitrite mediated regulation of mitochondrial biogenesis
that may have important implications in disease. Under certain
conditions it may be impractical to prevent peroxynitrite formation
entirely; however, if levels could be lowered such that induction of
mitochondrial biogenesis could ensue this may provide protection.
Of course, further studies using other cellular models as well as
in vivo models are warranted to verify the effect of low dose
peroxynitrite on biogenesis. In addition, it is important to note that
induction of biogenesis of damaged mitochondria would not be
advantageous. Hence, instead of relying purely on mRNA or protein
markers of mitochondrial biogenesis we propose that it is impor-
tant to also measure mitochondrial respiration and ATP levels
which provide a good measure of functional biogenesis.
In summary, this study shows the immense capacity of mito-
chondria in maintaining redox balance, as well as the tight
regulation between nuclear and mitochondrial control of oxidative
phosphorylation to meet the energy demand of the cell. This
ﬁnding helps strengthen the importance of MnSOD in the health
of mitochondria, as well as suggesting that agents designed to
keep mitochondrial oxidant levels below a critical threshold may
allow mitochondria to recover from transient bouts of ‘mild’
oxidative stress.
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